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tering (the traditional Zimm Plot analysis), can yield a molecular weight dist.rbution MWD),
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also be applied to the analyses of semi-dilute solutions and to study the dynamics of entangled
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mine translational diffusion coefficients, and the combination of static and dynarmic Light scat-
tering to determine molecular weight distributions.
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1. Introduction

1.1 Historical Introduction

The initial theory of light scattering by gaseous particles was developed ti the Lae 1NOO")0 h\
Rayleigh, and extended by Mic, Debye and others in the early 19 0 0 's, Smo]uchowkski ¶ 1008,
and Einstein (1910) developed the fluctuation theory of light scattering which accounted for the
decreased scattering by condensed phases due to destructive interterence trom scattering O\ dit-
ferent molecules. 1 The application of light scattering to deternmile the sizes and ,hape,, of pol,
mers cfme to maturity in the 1940's and 50's. initiated principally hy the work of Debve and
Zimm.' These theories all dealt with the intensity ot scattered IL'ht, usuall, rnea•,,ured ;r, a
function of a number of scattering angles, i.e., "static" light scattering. Dynaitnc light ,cattering
on the other hand, is concerned with the frequency distribution of the scattered light. Tlhi, fre-
quency distribution was first investigated by Brillouin (1914 to 1920) with his discovery of the
inelastic component of the light scattered from a simple liquid. ,aused by scattering froim ther-
mal sound waves in the fluid.' This "Rayleigh-Brillouin" scttering is characterized by a cen-
tral Rayleigh peak flanked by a symmetric Brillouin doublet (Figure 1), "here the frequency
shift of the Brillouin peaks (relative to the central Rayleigh peak) is proportional to the veloctv
of sound in the fluid, and the linewidth of the Brillouin peak is related to the atienuftua on of
sound in the liquid. Frequency shifts for the Brillouin peak'4 are on the order of 0.01 %avenum-
bers. Raman spectroscopy, on the other hand, which measures the frequency shifts of the scit-
tered light caused by vibrational motions of the scattering particles, exhibits much larger shift,,.
typically in the range 4000 - 400 cm"'. The linewidth of the central Rayleigh peak. hich I
less than 1 MHz (10"3 cm'i), is much smaller than either the Raman or the Brillouin ,shifis. Be-
cause the frequencies for the three regimes (Rayleigh line-broadening. Brillouin shifts and
linewidths, and Raman shifts) represent such a large energy gap. different detection schemes
are needed for each technique. Rayleigh linewidths are generally measured with a digital
correlator, using photon counting. Both the frequency shift and the linewidth of the Brillouin
peak are determined with a Fabry-Perot interferometer. and the determination of Raman fre-
quency shifts is usually accomplished via a grating monochromator.

17-1 MHz F 1 GHz
1-B -5 c 1 8.2(10 cm (10 cm)

It- 0.06 - 0.6 crn'l---

Figure 1. Rayleigh-Brillouin frequency distribution of a fluid

Brillouin spectroscopy does not generally have much application in polymer solution charac-
terization, since the breadth of the Brillouin peaks is very narrow in polymer solutions. Its use
in polymer analysis is generally limited to light scattering of bulk polymers (in the meht). The
central Rayleigh peak however is broadened by the Brownian motions of pol-ymer motecules in



solution, and contains dynamical information about the polymer ,llutrn. 'Die ,ew, c oi
DLS is to extract information on the trinslatioiat • k- rotational m inotion-, ot the scatterimle ioc
dium from the linewidth of the Rayleigh scattered 11im1t

1.2 Light Scattering Theory

When an oscillating electromagnetic field (such as in a beam of ight) approaches a non-
absorbing, nonionizing material, an oscillating dipole of the same frequency a., the nearb, elc-
tric field is inouced in the material. This accelerating dipole then radiates energ> ot the ,.ami
frequency in all directions. This is the basis for the phenomenon of iight scattering

Figure 2 shows a schematic view of a typical light scattering spectrometer (dynmnic or ,tatic r
Vertically polarized laser light of incident frequency 4. passes through various focuing optics,
and impinges on a small scattering center in a sample cell. The scattered light at an angle 0
(with respect to the exiting beam of the laser) passes through two pinholes to define the Coher-
ence area, and is collected via a photomultiplier tube (PMT). The photon pulses are amplified
and discriminated and then fed to the digital correlator for analysis. The sample cell is gener-
ally surrounded by a vat filled with a liquid whose refractive index ciosely matches that of the
sample cell (e.g., toluene) to limit laser flare at the cell/air interfaces.

Scattering of electromagnetic radiation in a nonconducting. nonmagnetic. nonabsorbing ni-
dium occurs as a result of local fluctuations in the dielectric constant (E) of the mediuni 11)e
dielectric constant is. a vector quantity, and as such, consists of a magnitude and a directional
component. A change in either component constitutes a change in the dielectric constant. In a
pure liquid, the magnitude of the dielectric constant is the same for all molecules, but the direc-
tions of the dielectric constants keep changing due to the Brownian motions of the molecules.
Thus, scattering in a pure liquid occurs as a result of the translational motion of the molecules

LENS LS CELL BEAM

POLARIZATION VTAGE

PINHOLE & SLIT PMT
SDIGITAL

CORRELATOR E AMPLIFIER!
DISCRIMINATOR

Figure 2. Diagram of light scattering apparatus

1.2.1 Dynamic Light Scattering (DLS)

1.2.1.1 Fluctuations and Autocorrelation Functions

Figure 3 shows an expanded view of a time-dependent signal A(t). similar to what the scattered
light intensity from a light scattering experiment might look like: The apparent randomness of
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the signal is due to the constant motions of the panticles in the ,caterim region et loll'.
enough time period, an average value is obtained, but in the microscopic vieN. ,.here appeal to:

be random fluctuations in intensity. In this figure, the time axis has been broken up into ,mall
sections, At (small compared to the period of the fluctuations), and the average value ot A.
<A>, is equal to zero (for simplicityv. In general, the values of the signal A at two different
times, A- and A. are different, but if the time increment t At) is small enough, then two adjoin-J J+t
ing sections of the signal, A, and A will have values close to each other Another way of
expressing this is to say that A, and A. are "correlated" over a small time period, but that the

correlation is lost as " approaches and exceeds the time scale of the fluctuations. The length )I
time over which the signal is correlated is inherent in the data. The autocorrelation "U1ctiol 01
a signal. A(t), is expressed mathematictaly by

lira 1£fO
Ct(r) = (AOA(r)) =- A t)A(t + r) di ."I

where dt is approximately equivalent to the discrete interval At described previously 'T1Is
autocorrelation definition is the description of one point (T) on the autocorrelation function - it

is the sum of a series of multiplications. The entire autocorrelation function is constructed bh
computing <A(0)A(-'f>, for 't ran-ing from 0 to a point at which the sicnad is no lne:
correlated.

Alt) AI

1~ 2 +nA AA
A4. i+1

t

3 5

Figure 3. Time-dependent property "A(t)"

Some of the points in Figure 3 are positive, and some are negative: thus the various products
computed m Equation I will be positive as well as negative Ceg.. A1 x A9 is negative, but AX x

A7, and A5 x A6 are positive). The first point of the autocorrelation function is <NO)AM0>+
where 'r in Equation I is replaced by 0. This point is actually the sum of the square of ever-
point along the curve. Since the square of a number is always positive, the first point of the
correlation function, <A(O)A(0)>, will be the largest value in the correlation function, because
it will not contain any negative components.

The point <A(0)A(1)> can be calculated by shifting the At) curve one unit 0 At) to the right.
and computing the sum of the products of where the two curves overlap. The curves are nearly
superimposed, so the value A(0)A(I) will be only slightly less than A(0)A(0), since there are
only a few negative products. Eventually, as 't gets large, there is very little overlap between
the two curves, and an averaging process takes place, and the correlation function would ap-
proach zero (or <A>2 , if<A> t 0).

3



The actual correlation function that would he Computed from this hvpolhetlýi:d 'vplal A( ." k fli
look essentially like an exponential decay curve (Figure 4 shows an autocorrelation funciion
from a light scattering experiment.) If the correlation function can tb described a- a sitwie
exponential decay, (i.e.,only one physical process is causing l,,. fluctuations i, Equation I could
be simplified to

(A(O r)) = (A) exp ,2i

where 't is the characteristic decay time associated with whatever phenomenon Is causing tihe
fluctuations in the signal AMt). If the particles diffusing in the medium were all of the anie
size, they would have the same diffusion coefficient, and a single decay time. "t.t related to -he
diffusion coefficient of the molecules) could be extracted from the curve, However. ,'nce mac-
romolecules always have some degree of polydispersity. there will be more than one diffusion
coefficient contributing to the autocorrelation function, and the curve actually consists of a
superposition of many exponential decay curves.

230 -

C(t) 221 -

Arbitrary 2 1
Units 212-

203

195
0 28 56 84 112 140

hAt

Autocorrelation function measured for sample BR3M (conc. = 0.5035
mg/mL) at scattering angle of 300 and sample time (At) = 48 gsec.

Figure 4. Autocorrelation function of scattered light intensity

Since Equation 2 is a function of time, the Fourier transform of this equation should produce an
equation in the frequency domain, termed the spectral density, or power spectrum. This is the
spectrum of the light scattered by the molecules in solution, as shown in Figure 1, and the
linewidth (F = 2r/t.). can be extracted from the experimentally determined -t. As in the corre-
lation function, this Lawrencian curve is actually a superposition of many Lawrencian curves
with different linewidths,, all centered at the incident frequency. The extraction of multiple
linewidth from an experimental correlation function will be discussed in Section 1.3. I.

1.2.1.2 Diffusion Coefficients from Autocorrelation Functions

The scattered light intensity, Is t), from a solution of macromolecules impinges on a
photomultiplier tube which in turn outputs a current, i(t), proportional to I(t). Electromagnetic
theory tells us that the light intensity is equivalent to the square of the electric field, thus it fol-
lows that [P(t) = Es (t)) - i(t). The output of the PMT is fed into a correlator which computes
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the intensity autocorrekltion function.

(i(O)i(r)) = B E,.0) Es.r ,

where B is a proportionality constant. Equation 3 is a fourth degree correlation function. which
is difficult to analyze. In the case of dilute polymer solutions, however, E tollo\,s a Gaus,'ian
distribution, and the correlation function can be simplified to the sum of two correlation funr -

tions,1 the first of which is a constant term, <E1(0)E (O)>- the baseline of the correlation ftunc -
tion), and the second term which is a simpler second degree correlation functrin.2 

C

<Es (O)Es (T>-, the electric field autocorrelation function.

Incident light which impinges on a molecule with a polarizabilirv tensor c, induce, a fluctuannc
dipole moment. The scattered electric field at the detector is proportional to (, tAe•qrit" .

where ch.t) is the component of the polarizability along the initial and fimna polanz~ition direc-
tions, an the e iqr(t factor varies when the molecule translates, where rlt) specifies the mole-
cule's position at time t. The wave vector, q. is equal to (4m/'l1)sih(@/2). where n is the refrac-
tive index of the medium, X is the wavelength of the incident radiation, and 9 is the scartering
angle. Thus the electric field autocorrelation function. <E5 (O)E5 (T)>. is related to the molecu-
lar polarizability.

When the product of the wave vector and the radius of the scattering particle is less than unit,
(qR << 1). the time correlation functions are sensitive to fluctuations occurric, on a time-,,ca1e
associated with center-of-mass diffusion. When q is increased (by decreasing the wavelength
or increasing the angle) and qR exceeds 1, then internal motions I rotations) of the polymer
molecules become important. This is an intermediate q range, and the interpretation of DLS
data as due strictly to center-of-mass diffusion can be erroneous. Since the wavelength of light
cannot be readily changed. DLS measurements of large particles must be made at low angles to
exclude any rotational contributions to the correlation function. Finally, when q gets very large
such that qa is on the order of 1, where a is the size of polymer repeat unit, then the time corre-
lation functions are probing motions of the monomers. This requires wavelengths on the order
of a few Angstroms, the frequency of neutron radiation, and thus not accessible through light
scattering with visible radiation.

If one can assume that the experimentally mnLasured time-correlation function is caused by
center-of-mass diffusion, then the diffusion coefficient of the polymer molecule can be sniply
related to the linewidth via F = DTq-. The diffusion constant thus determined can he related to
the size of the diffusing particle through the Stokes-Einstein equation.

kBT
DT (41

where kB is the Boltzmann constant, T is the temperature, q is the viscosity of the medium the
particle is diffusing in, and Rh is the hydrodynamic radius of the particle. For spherical parti-
cles (e.g. latex spheres) DLS can be used to measure actual particle sizes, however, for dilute
polymer solutions, this is really an "equivalent" hydrodynamic iadius, with no physical

significance.
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1.2.1.3 Molecular Weight Distributions from Diffusion Coefficients

Since the time correlation function measured fromTI a DLS exnerxm cont O.miairis inI-•jt oil

many different linewidths (due to the polydispersity of the polymer sample.+ abstract•on ti! ,
distribution of linewidths representative of the different polymer molecule,, in tlhe -ample
should be possible. This distribution of linewidths, GVr), can be transformed to a distribution
of diffusion coefficients, G(D), which then can be transforned" to a distribution o! inolecul~a
weights, f(M).

The area under the distribution curve GO-) is proportional to the rime-averaged, total lnten\iri
of light scattered at an angle 0 (determined from a static light scattering expenment it

((0)) = G(DdT

This time-averaged intensity can also be expressed in terms of the molecular veight compo-
nents of the polymer species by the following equation7 from classical light scattering anals,,•,

(1(0)) = Z .MiCiP(0 .AM,) i

where K" contains a collection of optical constants. Ci is the concentration tmavolunie kt .
polymer molecule of molecular weight M-, and P(e.M 1 I is the particle scattering factor "hich 1,,
differert for different shaped molecules (i.e.. rigid rods, random coils. etc.).

If Ci can be equated to f(Mi)A&Mi/V, where f(Mi) represents a molecular weight distribution
curve. AM.i is a small increment along the curve and V is a unit volume, then the distribution of
linewidths can be related to the distribution of molecular weights via

G(F )AF, = fTMi) Mi P(O.Mi) AM. A

This transformation from gamma-space to molecular weight-space takes place bv equating
small areas under the G(F) curve. AF. with area under the f(M) curve, AM. The diffusion coef-
ficient has a concentration dependence which can be expressed as

D(C) = Do(l + kDC) 8)

where kD is the second virial coefficient for diffusion. D can be estimated bv extrapolating
measured diffusion coefficients at various concentrations to infinite dilution. The diffusion co-
efficients should also be measured at several angles. particularly for high MW polymers, and
extrapolated to zero-angle to exclude any rotational contributions at higIher anmde.,. The infinite
dilution diffusion coefficient can then be related to a molecular weight via

Do =kTM- .

where the pre-exponential factor, kT. depends on the polymer/solvent system, and must be de-
termined experimentally. The exponent b is equal to 0.5 for random coils at the theta condition
and has been verified experimentally. For polymers in good solvents b is expected to be closer
to 0.6, although experimentally reported values vary from 0.55 to 0.68.

6



If kD. kT and b are known (or estmiated) then mole:ular welghrs c:an 1 calculaicd .. , -

mentally determined linewidths via the following equation

M = l-- T -...

where the values of M can be substituted into Equation 7 for the NI'i values and the AM incre-
ments can be calculated by determining the values of M at the endpoints of the AF incrern:nt,

Each M. in Equation 7 must have a corresponding R which is used to determine P10, M\1 and
so a radius of gyration is computed for each molecular weight similarl, to Equation (4,

R, = k'Mi

Like b. the exponent bW is expected to be around 0.6 for rando.:i coils in a good solvent, hut not
necessarily equivalent to the dynamic exponent b. The pre-exponential kT" depends on the par-
ticular chemical system. For random coil molecules, the particle scattering factor usually takes
the form

P(X.f) = [e -X- I + X] 12•X-

2~ 2

where X = q R r-. and R,, is the radius of gvration computed from Equation I I By comhinin,
the results of sdtic and dy~namic light scattering measurements with estimates of kT. k "." b. and
b', an iterative process can be used to determine an effective molecular weight distribution

As can be seen from the preceding discussion, much information about the polymer-,,olvent
system must be known in order to determine a molecular weight listribution in this rnianner.
Additionally, most of the equations apply strictly to monodisperse species. and any breadth to
the molecular weight distribution adds complications. For these reasons, this method of deter-
mining a molecular weight distribution is not of general utility but in certain instances. may be
appropriate.

Size exclusion chromatography (SEC) is an experimentally simpler method of determining mo-
lecular weight distributions, but has several limitations. SEC requires the use of polymer stan-
dards to determine actual molecular weight values, and well-characterized standards are only
available for very common polymers. Light scattering, however, is an absolute technique and
requires no standards. Additionally, certain polymers may only be soluble iM solvents which
are incompatible with the chromatography columns, or at temperatures not accessible by ordi-
nary SEC instrumentation. For example, aromatic polyamides such as Kevlar, and polyi ar1I
ether ketones) are generally soluble only in strong acids. Corrosive solvents are not a problem
for light scattering which is usually measured in a glass or quartz cell.

1.2.2 Static Light Scattering (SLS)

Classical electromagnetic theory and solution thermodynamics9 show that the inten.,,ity o: light
scattered (from a polarized light source of wavelength k) by small (compared to k., isotropic
scatterers at an angle 0 can be represented by

0Kc + 2A,c + 3•Ac +

7



The Rayleigh ratio, R "I contains the pertlient tmeasured quanttltie'. .Und Is equal to 101 I, c-

I s the mea&sured scattered light aiteNtyv. I the Incident mintesls.1), an11d . IN the ,l tn.eiuratitli

the solution ninass/voltumrne Other parameters are grouped into the optic:al i.nt K, de-
fined as 4Yt-n-'dadc ri'lL& where n is the refra•tve index ot the medium. dwd, the retrfa-
tive index increment) is the change in refractive index of the solution , ith .oncntrat ton, and I-
is Avoeadro's number. (In practice, the scartering distance r and the in•ident int•ensirt I PAr
not measured. Instead, a solvent for which this Rayleigh ratio has been prevousIl, determined
[toluene or benzene, rp callvl is used as a calibration liquid Its scatteic itensmt it i.i-

sured, and the known value of its Rayleigh ratio is used to calculate the vldue- o- r aild 1( fot
the current system.

Equation 13 shows the concentration dependence of the -cattered light Imln1Ate t, of a T 1dn ,r
,;olution- For large (r > 1/20) m molecules, there is also an angular dependence ot the sCttctde
intensirv due to the size of the molecule Small scatterers have a syrmunetric ScatterIng pattern
about 0 = 90o. because they look like a point to the incident radiation. Large panicles, ho•"-
ever, will scatter radiation from different portions of their molecule, and thus there %% ill b< de-
structive interference at the detector due to the phase differences of light arriving at the detector
which has scattered from two different points on the same molecule The scattered light mien-
sit" will be highest at large angles, because the difference In path length i,. Xa)r!er.. '1.t,
assvmmetrv about 900 is used to extract size inforlation

The angular dependence of the scattered light Intensity takes the To],lowimi fonm the ¢l+ipis

indicates that higher ordet terms in R9 sln-!2 are pre,,ent

Kc - + I R i n

For high molecular weight polymers with large radii, the curvature in Equation 14 can he sig-
nificant, and thus the initial slope must be used to obtain accurate values of iM., and R, Equa
tions 13 and 1 4 can be combined and the molecular weig-ht. second virial coefficient: and the
radius of g'ration can be obtained from a single plot. to be described in section 32 The mo-
lecular weight determined is absolute (i.e.. independent of the solvent usedi. and is the ,e,.ht-
average value, as opposed to the number-average Mn determined from colligative property
measurements. The second virial coefficient is a measure of the thermodynamic interaction 0t
the solute and solvent (the third virial coefficient is usually small and not important unles,, the
solution concentration is high,. The radius of gyration determined from liiht ,catnenn inca.
surements. defined as the root mean square distance of the segments of the molecule from its

center of mass, is a z-average value The size of the molecule and the second 'vntal coefficlint
are not absolute values, but depend on the solvent used. A, i,, positive for a thermodvnarnicll1V
good solvent (polymer-solvent affinity is greater than polymer-polymer affintlt ). at i vanes if
magnitude for different solvent qualities, is negative for a poor solvent, and zero !equal affini-
ties) at the theta condition. Accordinglv. the radius of gyration is largest in a good solvent.
smallest in a poor solvent, and an intermediate value in a theta solvent,



1.3 Data Analysis

1.3.1 Dynamic Light Scattering

In dynamic light scattering experiments, there are two autocorrelationi tuncl,,ow of imtercst the
intensity autocorrelati 9 n function g'4 (rT), which is the function aciuafly :omputed by Ic
correlator (Equation 3). and the electric field autocorrelation function, ,,f . %hich .. relatd to
the molecular parameters, described in section 1.212. These two correlatlon tuncions awe re-
lated through the Siegert relation,

where the baseline of the expenmental correlation function A A has been suhtracred The con-
stant P3. 0 < 0 < 1, is usually determined as a parameter during the fitting of the data ThCe eeIC-
tric field correlation function. g`•(r), is assumed to be in the form of a sum of ,inmgle-
exponentials,

gA 1)(r) = GtFn e - r dl"(

where the F's represent the different linewidths due to the different molecular weight \pecies
and G(F) represents their distribution function. As mentioned in sections .2.1 in the ab-
sence of internal motions, the diffusion coefficient is related to the linewidth via

r = DTq2.

The goal of any light scattering data analysis routine, therefore, is to invert Equation 16 to ob-
tain G(r). There are many mathematical methods available for this transformation - a few,
methods10 which are available on the Brookhaven instrument will be reviewed briefly AUl of
the methods described here are least-squares fits, in which the objective functino to he mini-
mized is,

N

= [ yr(IAr - Vy(IAr)]- /,
!=i

where ym(IAr) is the measured correlation function (with the baseline A subtracted) and
y*(IAT) is the model correlation function proposed by the particular method of data analysts.
The index I runs over all the data points in the correlation function iin the Brookhaven
correlator. there are 128 data channels). Equation 18 is minimized with respect to a number of
parameters a, ( = 1, 2,...M). which vary for the different methods of data analysis.

1.3.1.1 Method of Cumulants

The method of cumulantsI1 is the simplest way to analyze DLS data, but also yields the least
amount of information. Only the average linewidth and its variance can be obtained uthe first
and second cumulants) with any degree of accuracy. (Sometimes the 3rd cumulant is also re-
ported.) The cumulants are defined in terms of moments about the mean linewidth, where the
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mth moment is defined as

UMr G(FA F -[ )rnd" lj

and the resulting computed correlation function is

y*(ri = tA3) 1 -exp(-?r + i r2÷ + "2t)

where the ellipsis indicates that higher cumulants may be included. The parwnieter\ used to
minimize Equation 18 are the cumulants (F. -i, etc.) and the factor AO

1.3.1.2 Exponential Sampling

Another common data analysis routine used in DLS is the Exponential Sampling Technique.
also called the LaPlace Transform Inversion,12 which is based on the eigenfunctions y0W Fr and
eigenvalues X of the LaPlace transform of G F),

(00

j 1pw(rk'Xp)(-Fr )dr = (wk•r 21)

where analytical expressions for X () and W o(F) are -given in Reference 12.

The distribution function G() is then expanded into its complete set of eigenfunctions via

G(I") = aw ,(" dw .
CO

By substitution of Equation 22 into Equation 16 and using the relationship in Equation 21. the
correlation function can be written as

g90)(r) = J .oaa., p,(r) dw .

As o gets very large (0o > wmax). the eigenvalues approach zero. and their contribution to the
correlation function cannot be distinguished from experimental error, thus the distribution of
linewidths is band-limited by changing the limits in Equation 22 from ±-o to ±-WMaX. After a
series of mathematical manipulations, G(F) may be represented as a series of exponentially
spaced samples in F-space, with amplitudes am, The amplitudes are used to minimize Equation
20, with the proposed correlation function given by

M
y *a(r) = eXp( -F rnAr) (241

The best fits to the data are usually obtained with 0omax greater than about 3.

1.3.1.3 Non-negatively Constrained Least Squares

This data analysis routine is an adaptation of the previous method, developed for multimiodal
linewidth distributions. 13 Equation 24 is used, and each am is constrained to be non-negative. In
this method, the smallest and the largest linewidths (i-min and Fmay ) are predefined to be

10



functions of the experunental sample time and the average line" idth determined htrm the lopv
of the logarithm of the measured data, yrm30AT). In the Brookhaven version of this data rivutute,
the user is given the option of overriding the default EFrom and Fmax values

1.3.1.4 Double Exponential

This method forces the correlation function to be composed of two discreet exponential tunc-
tions,14 as shown in the following equation.

Sg(1)(r) = A1 exp(-F 1r r) + A, exp(-F-, r).

This is a dangerous method for analyzing correlation functions unless the user i.s ,crtailnlt the
bimodal character of the data, because any noise in the data could he interpreted as another spe-
cies. This type of data analysis is primarily used in DLS of entangled systems, where a 1at
cooperative diffusion mode of a network, and a slower self-diffusion mode of a smaller unit is
present. t5

1.3.2 Static Light Scattering

For dilute solutions, the measured scattered light intensity from a given illuminated area (the
scattering volume) is the superposition of the scattered light intensities from all elements within
that region. Thus, the scattered light measured from a solution of polymer molecules consists
of the light scattered by the small solvent molecules plus the scattering from the large poly-
meric species. If the scattering of the pure solvent is measured separately. it can be subtracted
from the solution scattering and the scattering due to the polymer molecules alone can be iso-
lated. The resulting excess scattered intensities are convened to Rayleigh ratios, as described in
section 1.2.2. The data is usually analyzed via a Zimm Plot in which the (KC/R0 values are
plotted on the y-axis versus (sin (0/2) + kc) on the x-axis, where k is an arbitrary constant used
to spread out the points on the plot The set of points corresponding to the same concentration
(different scattering angles) should form a straight line parallel to the other concentrations. An-
other set of parallel lines (usually with smaller slopes) can be drawn by connecting the points
corresponding to a given scattering angle at different solution concentrations, These two sets of
parallel lines form a grid-like structure (see Figure 5).

The constant concentration lines can be extrapolated to a "zero-angle" point (with an x-
coordinate equal to kc). Likewise, the constant angle lines can be extrapolated to a "zero-
concentration" point (with an x-coordinate equal to (sin2(0/2)). Each of the extrapolated "zero-
angle" points can be extrapolated to zero-concentration (x valve equal to 0), similarly the ex-
trapolated "zero-concentration" points can be :xtrapolated to zero angle (x value equal to 0).
and these two doubly extrapolated lines should intersect at the same point on the y-axis. the re-
ciprocal of the molecular weight. The second virial coefficient is obtained from the initial slope
of the zero-angle line (see Equation 13) and the radius of gyration is abstracted from the initial
slope of the zero-concentration line (Equation 14). The initial slopes of both of these lines must
be used, as higher order terms become significant as concentration and argle increase. The cur-
vature of the zero-angle line should be negligible, unless the solutions are too concentrated, but
the curvature of the zero-concentration line can be significant, particularly for large polymeric
species. A variation of the Zimm Plot used for analyzing high molecular weight samples. was
proposed by Berry, 16 is to plot (KC/R) 1 /2 values on the ordinate vs. the aame abscissa values.
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The intercept then yields the reciprocal of (M ' . and th-- CquatiLns for determinim A-, and
R are slightly different.

The larger the difference in scattered intensity between the solvent and solution, the greater the
precision of the parameters determined from the light scattering experiment. The increase in
scattering intensity of the polymer solution over that of the pure solvent (at constant measuring
angle) depends on four factors: (1) the polymer molecular weight, (2) the concentration of the
polymer solution, (3) the difference in the refractive index between the solvent and the polymer
solution, and (4) the wavelengh of the laser. The polymer molecular weight is obviously fri;ed.
but the other parameters can be adjusted to increase the scattering intensity for a poor scatterer.
Increasing the solution concentration (being careful to remain in the dilute solution reinie j.
changing the solvent to one with a larger dn/dc value for the particular polymer, and decreasing
the wavelength of the laser, all increase the scattering intensity

2. Experimental

2.1 Sample Preparation

Table 1. Polymer samples specifications

Mw x 106  Mw/Mn Composition

N170K 0.168 1.04 100% PL #20137-2

N770K 0.765 1.04 100% PL #20140-9

0.990 1.04 100% PL #20141-5

1.53 1.06 100% PL #20142-5

N2M 2.14 1,06 100% PL #20143-2

2.28 1.05 100% PL #20143-7

N3M 2.91 1.04 100% PL #20145-9

4.06 1.06 00% PL #20146-6

9.35 1.20 100% PL #20148-3

BR2M 1.85** 1.2* 47% PL #20142-5, 53% PL#20143-2

BR3M 3.17** 1.2* 56% PL #20143-7 44% PL #20146-6

BI850K 0.839** 2.0* 66% PL #20137-2, 34% PL #20143-2

BI4M 4.08** 2.0* 63% PL #20141-5, 37% PL#20148-3
*Estimated values of M and Mw/M

Polystyrenes (PS) with three types of molecular weight distributions (n=rTow. broad, and
bimodal) were investigated to demonstrate the capabilities of dynamic and static light
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scattering, Several commercial PS standards from Polymer Laboratorie->, 'v rec u,.-d m .killdu-

ally, and in various combinations and thei, properties are listed in Tlable 1. Four wtwidard'

(N170K. N770K, N2M, and N3M) were used as Is for the narrow MAW distrubtion sample-
Two broad distributions (BR2M and BR3M) and two bimodal distributions BIl850K ,and
BI4M) were simulated by mixing PS standards with similar and dissunilar moleculal wkcights,
respectively.

Stock solutions of concentration approximately 1 .0 mg,/mL of polysryrenes were prepared w. t
toluene (EM Science, spectroscopic grade). and allowed to dissolve at room temperature. w,,th
slight agitation. for at least 24 hours. These stock solutions were diluted to three or four cOr-
centrations of 0.1 - 0.5 mg/mL for static light scattering experiments, except io1 The lov e 1,,o-
lecular weight sampies in which the highest concentrations were about 1(.0 mg: mL. Concentro-
tions used in dynamic light scattering were slightly higher - about 0.5 to 1.0 mginL

2.2 Instrumentation

All light scattering measurements were made on a Brookhaven Instruments BI2OOSM goniome-
ter and B12030AT 128 channel correlator using a Melles Griot 5 mW helium-neon laser (6f3
nm) as the light source. The refractive index increment (dn/dc) of PS in toluene was not inea-
sured, but a literature value17 of 0.107 mL/g was used. Toluene was also used as the calibration
liquid, with a Rayleigh ratio of 1.41 x 10• cm"1. Solvent and polymer solutions were filtered
through 0.2UR and 0.45tl PTFE filters, respectively. The temperature of the light scattering cell
was maintained at 25.0 ± 0.1 C for all measurements.

3. Results and Discussion

3.1 Static Light Scattering

Static light scattering measurements were made at angles 300. 37,5", 450, 600 . 750, 90". 105".
1200, 1350. 142.50, and 1500 on the eight polymer solutions described in the previous section.
The static LS parameters are listed in Table 2 along with the data analysis method used.

Figure 5 shows typical Zimm and Berry plots obtained for different polystyrene samples. The
lower molecular weight samples showed a linear concentration dependence and thus were best
analyzed through a classical Zimm plot arproach. however, a curvature to the fixed concentra-
tion data was observed for M > 1.0 x 10", and thus a Berry plot gave a better fit to the daita.
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Table 2. Static light scattering parameters

10" x Mw Rg nm 10 xA. Type of Plot'

g/i ool mI molg
NI70K 0.178 159"* 4.97 ZUTM

S0.168 i 4.47 Debve

N770K 0.731 36.6 4.00 Ziimn

B1850K 0-729 6.3..4 0,53 7 Zmun

BR2M 1.94 70.7 2.52 Berr
N2M 2.21 74.7 244 Berry

BR3M 3.01 91.6 12.14 Bern'

N3M 3.07 89.8 2. 4 Berry

BI4M 3.49 129.8 1.83 Berry

*Znimn Plot: linear fit to concentration and angular data-

Debye Plot: linear fit to 900 data only;
Berry Plot: second degree fit to concentration, linear fit to angular data..

"**Less than the theoretical lower limit of detection of Rg = .o/20 = 32 run.

KC/R 0 x 106 (KC/R 0 )1/2 x 103
2.6

1.2

1.8 0.8 -_ _ _ _ _

1.4 0.4

1.0 0.0 1
0.0 0.8 1.6 2.4 3.2 4.0 0.0 0.6 1.2 1.8 2.4 3.0

sin 2 (0/2) + 4000 c sin2(0/2) + 3000 c

Zimm Plot (left) for N770K (conc. = 0.2505. 0.5010. and 0.7515 mg/mL): and Berry
Plot (right) for N3M (conc. = 0.1007, 0.2014, 0.3021, and 0.5035 mg/mL).

Figure 5. Typical Zimm and Berry Plots

The R and A2 values for the unimodal PS samples were linear with molecular weight in log-
log plots as can be seen from Figure 6. The relationships derived from these log-log plots are
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expressed mathematically by the following equations:

Rg = 9.63x 10-IM,0612 and A, = !.78x 10--M (K-A1 (2r)

The pre-exponent in the R, expression is consistent with values in the literaturce2 4 -0 196t

0-3 to 1.57 x 10~ -for PSAoluene solutions, although there seem to be two sets of values clus-
tered around 1.0 x 10-2 and 1.5 x 10"2. The same references report a range of exponent valucs
from 0.623 to 0.579, which is consistent with the result reported here and the expected theoreti-
cal value of 0.6 (section 1.2.1.3), but again the values seem to cluster around two values of 0.58,
and 0.61.

3.00,

log Rg 1.00

-1.00-

log A2 .3.00 u- . .....

-5.00
5.00 5.50 6.00 6.50 7.00

log Mw

logi 0 Ro, (circles) and log, 0 A2 (squares) as a function of logl 0 Mw,, for samples
N170K, 770K, N2M, and N3M.

Figure 6. Plot of log R and log A2 versus log Mw

The A., relationship reported here is also in agreement with others 2 0.22,23 in which the pre-
exponential factor ranges from 0.0158 to 0.0281, and the corresponding exponents from -. 286
to -0.329. There were two reported relationships 19 with significantlv smaller pre-exponential

0225 00factor and exponents: A,) = 0.00636 M "; and A-, = 0.00436 M 0 .*0_ Both report measure-
ments made at 20 0 C, which would correspond to smaller A, values,25 but one of the other ref-

20erences which was in agreement with the present work was also at 20 0 C, so there doesn't ap-
pear to be a clear correlation with temperature. The latter two expressions come closer to the
theoretical exponent of 0.2, predicted by the two-parameter theory. 6

3.2 Dynamic Light Scattering

Dynamic light scattering measurements were made on all samples except N I70K. (For the la-
ser employed in this study, the scattered light intensity from a low MW sample such as N 170K
is too low to obtain a good correlation function.) A typical correlation function for sample
BR3M is shown in Figure 4. The DLS data were obtained for two purposes: (1) to extract
infinite dilution values of the diffusion coefficients (D.) for unimodal samples so that kT and b
values from Equation 9 could be evaluated, which are needed for molecular weight distribution
transformation, and (2) to see if the particle size distrubution (PSD) data analysis routines from
Brookhaven Instruments (BIC) could differentiate between unimodal narrow, unimodal broad,
and bimodal distrubutions.
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3.2.1 Diffusion Coefficients

Autocorrelation functions measured at a given scateringz angle and solution concentration yield
an average linewidth. r. which can be converted to a diffusion coefficient via Equation 17 For
monodisperse systems, this extrapolated diffusion coefficient should be independent of the Scat-
tering angle, through the q- correction. This angular independence was verified experirnentally
for sample N3M. and thus diffusion coefficients were measured at one or two angles, and the
values averaged. The diffusion coefficients were also measured as a function of concentration
for samples BR2M and N3M, and values of kD (Equation 8) were determined to he 227 and 2k44
mL/g. respectively. The kD values determined in this study are consistent with literature value\,
for PS/Toluene solutions, as shown in Figure 7. There doesn't seem to he any theoretical basis

3.0

z.o ,,r

4.0 4.5 o 5.5 60 6. 7.0

log Mw

Plot of log, 0 kD vs. log1 0 M for this work* I Ref. 20 U): Ref. 21 ,
Ref. 23 + ); and Ref. 27 (fi). Dotted line is tl_, best fit to all data.

Figure 7. Plot of log kD versus log Mw

for plotting the log of molecular weight versus the log of kD; however, a reasonable correlation
is obtained which allows extrapolation of kD values for samples in which a concentration de-
pendence was not measured.

Values of the infinite dilution diffusion coefficient (DO), the kD value used to convert D(c) to
Do. the hydronamic radius (Rh) determined from Do via Equation 4, and p = Rg/Rh are pre-
sented in Table 3.

The diffusion coefficients for the unimodal (narrow and broad) MWD polymers were deter-
mined from a single exponential fit to the autocorrelation function, which yielded an averaae f,
which was then converted to D via D=rq-. The diffusion coefficients were converted to infi-
nite dilution values using either a measured kD value or a value extrapolated from Figure 7.
based on the Mw determined from static light scattering.

The analysis of the bimodal samples was more indirect, because they were analyzed using the
double exponential fitting procedure, which yields particle diameters, not linewidths. Two di-
ameters were obtained from the data analysis, and were converted to diffusion coefficients via
the Stokes-Einstein equation. The two diffusion coefficients for each bimodal sample were
converted to Do values using a ,ingle kD value (from Figure 7, based on the M determined
from static light scattering) and the total solution concentration. Using average M and kD
values for a bimodal system is a rough approximation, however an alternate approach is to use
kD values appropriate for each component, coupled with the concentration of that component.
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This analysis yielded similar results. Probably the most realistic approach x\kuld hc to catculakt
an effective concentration of each component (which is less than the overadl concentration1, ,ut
more than the indivudual concentration), to be used with the kD value as,,ociated with the par-
ticular molecular weight involved. Needless to say. the D and the Rhvalues obtained for the
bimodal samples are very approximaie, but are included for comparison.

Table 3. Dynamic light scattering parameters

107 xDo' kD' P

2s-1 3g1 Rh,nm (=Rg/Rh)
cm sec' cm 9. ______

N770K 1.663 105* 23.9 1.531

BR2M 0.9155 227 (251*) 43.35 1.631I

N2M 0.8698 282* 45.63 1.637

BR3M 0.7104 294** (372*)! 55.87 1.640

N3M 0.7094 1 294 (378-)! 55.94 1 605

B1850K 2.874 105* 13.6 11736
0.7568 51.50 1.373

BI4M 1.766 424* 21. 98
0.3371 115.6 1.582

*estimated via Figure 7

"**measured for sample N3M

The D values from the narrow and the broad distributions are plotted against molecular weight
in a log-log plot in Figure 8. The two broad distribution samples appear to follow the linear
relationship of the narrow distribution polymers. The Rh values from Table 3 can be plotted
similarly with molecular weight (not shown here). although since the radii are calculated di-
rectly from the diffusion coefficients, the data is not really independent. The dynamic relation-
ships derived from these plots are

Do = 3.18x 10 and Rh = 7.68x 10 - 6 . (27)

The pre-exponential factor for the diffusion relationship reported here is a bit smaller than mostS19-2•1.27.28 -4
of the literature values -4" " which range from 3.4 - 3.7 x 10" 'although one value" is
even smaller at 2.29 x 10-4. The absolute value of the exponent in this diffusion relationship is
also smaller than, those reported for the same references (0.577 - 0.587). with the same excep-
tion that Seery et al.22 reported an even lower value of 0.533.
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Two papers2324 report Rh relationships with larger pre-exporiential factors 0() (11 1Ind 0() 1 t.,
and smaller exponents (0.560 and 0.577. respectively). The two effects counteract each ''r
somewhat, so overall, the data may not be that different.

-6.70 ,

-6.90-

log D 0
-7.10

-7.30'

5.80 6.00 6.20 6.40 6.60

log M

Plot of logl 0 D versus logl 0 Mw for samples N770K, N2M, N3M,
BR2M, and BR3M.

Figure 8. Plot of log D0 versus log Mw

The p data in Table 3 are re..onably constant (average p = 1.603) except for the bimodal sam-
ples, in which both R,, a-id Rh are very approximate. (The R, values for the bimodal samples
were determined fromnEquatior. 26, using either a M determtined from static light scattering.
or the manufacturer's Mw.) This value of 1.603 is in good agreement with the literature : Park
et al. 4 report a value of 1.59. while 1.6 and 1.5 can be deduced from the data of Appelt and
Meyerhoff19 and Varma,- respectively. The theory regarding whether p should be a constant
value for all polymers in good solvents is unclear.24

3.2.2 Particle Size Distribution Analysis

.Autocorrelation functions measured for the narrow distribution samples N770K. N2M and
N3M were analyzed by the various particle size distribution (PSD) analysis routines described
in section 1.3.1. The results were consistent in that unimodal narrow distributions were ob-
tained. The double-exponential analysis was either not available as an option (the experimental
data could not be fit to a double exponential) or a double exponential fit would yield a major
peak (-99%) at the expected particle diameter and a very minor peak at an unrealistic (either
too small or too large) diameter. The peak diameter and the breadth of the distribution were
invariant with the type of baseline, the number of data points, and the method of data anivsis
used. A typical distribution is shown in Figure 9a.

Similar results were obtained for the broad distribution samples (see Figure 9b), although there
was considerable variation in the breadth of the distributions determined. The data analysis
routines do not appear to be sensitive enough to distinguish between a narrow and a moderately
broad distribution. The distributions computed for a narrow and a broad molecolar weight san-
pie of approximately the same molecular weight (shown in Figures 9a and 9b. respectively), ap-
pear to have equal breadth. Due to the low power laser employed in this study. and the neces-
sity of keeping the solution concentrations below the overlap concentration, c*. the scattering
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intensity for all ,orrelation functions waLs verN low. Data had to be accumulated foir loig peri-
ods of time (30-60 minutes) to obtain smooth correlation functions. Possibly, ,nioother data
would produce more consistent results, but in general, the technique of DLS is not stauble for
obtaining detailed information about size distributions (see. for example. Ref. 5, 10-14).

'I (a) C
Gtd) (d)

"log10 diameter. nm log 10 diameter. run

(b) (d
(d)

G(d+) G(d)

t Gt

log 10 diameter. rn logl 0 diameter, ram

Particle size distributions G(d) versus logl0 particle diameters (in ram) for: (a)
N3M analyzed by the non-negatively constrained least squares (NNLS) routine:
(b) BR3M analyzed by NNLS; (c) B1850K analyzed by the exponential sam-
pling (EXPSAM) technique: and (d) BI4M analyzed by EXPSAM.

Figure 9. Particle size distribution results

The analysis of the bimodal samples always yielded a bimodal distribution with the peaks at
their approximately expected locations. These correlation functions were analyzed by different

data routines, and essentially the same results were obtained. All distributions shown in Figure
9 were analyzed via the exponential sampling technique or the non-negatively constrained least
squares analysis, because the other data analysis techniques mentioned in section 1.3.1 (cumu-
lants and double exponential) yield only one or two size values, not a distribution, however the
numbers obtained with the other data analyses were consistent with those shown in the figure.

The different data analysis routines appear to produce distributions with their own characteristic
shapes (notice the similarities between Figures 9a and 9b, and between Figures 9c and 9d). The
Exponential Sampling (EXPSAM) method tended to produce smoother bell-shaped distribu-
tions than the non-negatively constrained least squares (NNL) analyses, which had a more
pointed shape. In the case of the bimodal distributions, the NNL routines always produced two
distinct peaks which did not overlap, while the EXPSAM results were more continuous over the
entire size distribution, as shown in Figures 9c and 9d.
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3.2.3 Molecular Weight Distributions

Molecular weight distributions (MWD's) were determined for the four polymer saiple' dk -
picted in Figure 9 by first transforming the PSD's to distributions of linewidths J[") via the
Stokes-Einstein equation (eq. 4) and then transforming the lnewidth distributions to \lWD's
via the equations given in section 1.2.1.3. All the MWD transformations were pertormed on
PSD's determined via the NNL analysis routine, because the MNWD'\ produced from the EXP-
SAM technique were not smooth.

Figure 10 shows the results of the molecular weight transformations. The value'N of the parwme-
ters kD, kT. kT', b and b" affect the shape of the resultant distnbution as well as the numnrers
derived from it (radius of gyration and molecular weight averages). As i first attempt at a
transformation, values of kD were estimated and the experimental values of the other four pa-
rameters (as reported in Equations 26 and 27) were used. These a priori values produced a re-
alistic MWD for only one of the particle size distrubutions (N3M). All the other distributions
required some parameter adjustment to produce a smooth distribution with meaningful num-
bers. A computer program was written to calcualte a MWD and the resultant averages (R,
Mw, Mn for a given set of adjustable parameters.

Tt

W) (C)

IOg10 MW 10 MW

f(+ (b) i (d)

lOgl 0 MW Log1 0 MW

Molecular weight distributin f(M) versus log1 0 molecular weight for ' a)
N3M ; (b) BR3M; (c) B1850K; and (d) Bi4M. All were transformed from
PSD's computed via the NNL data analysis routine.

Figure 10. Molecular weight distribution results

The dynamic parameters kT and b, transform the diffusion coefficients into molecular weight
values, and thus have a significant effect on the distribution. For the bimodal sanmples, increas-
ing b from the measured value of 0.563 to 0.58 (which is more consistent with the literaturte
produced a smoother distriubtion. The B1850K samnple required a furthe- minor adjustment of
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parameter kT to 3. 1 x 104 (from 3. 1 X 10-4 1 to produce the rfial U ttnbutionw t'ie ' ati. l
rauneters kT* and b', which transfomi molecular weiiht vatueN Into radii of ýtyra tioii. ink jtt-fected the final R , values, so they were left at their experimentally detemined values

The second virial coefficient for diffasion, kD. transforms the diffusion coefficients ieaured
at finite concentrations to inifnice dilution values. Do. Of the four distriburions ýhovn inl's.
9 and 10, kD was only measured for sample N3M, and this value of kD was used unchanged in
the molecular weight transformation process. The other kD values were determined bh% trial and
efror using a value estimated from Figure 7 as a starting point. The final values were ,Al les
than those estimated from the figure. For sample BR3M. the value of kD vka, decrea!,ed h
about 30%, and for the two bimodal polymers, approximately i5't each. hIcidentadl, the
measured value of kD for sample N3M is about 30% lower than the value calculated from
Figure 7.

Table 4 contains the molecular weights and radii of gyration calculated from the distributions
shown in Figure 10. The numbers calculated from the unimodal distributions matched the ex-
perimental data better than the two bimodal samples. An attempt was made to use two different
kD values in the molecular weight transformation process for the bimodal samples. but there
was little effect on the final distribution.

Table 4. Parameters calculated from molecular weight distributions

- Ipeak MY,'s Adjusted
M (x 10-) M wM R, nm (x 10" ) Parametes
__ _ _ w n _ _ _ _ _ _ _

N3M 2.99 (+ 3) 1.14 186.7 (-3) 3.08 none

BR3M 2.84 (-10) 1.11 88.1 (-4) 2.25 kD_ _ 250

B1850K 1.21 (+44) 2.96 55.0 (-13) 0.161 (-4). kD 90
1.620 (-24) b 0.58

kT 3.TE-4
B14M 5.16 (+26) 3.43 128.3 (- 1) 0.437 (-56), kD I 350

6.37 (-32) b 0 .05

Numbers in parentheses indicate percent differences from expected •,alues

One interesting thing to note for both bimodal samples is that even though the calculated over-
all weight-average molecular weights are significantly higher than expected. the peak molecular
weights for each of the components are lower than expected. This implies that either the twvo
molecular weight fractions are broad di, tribution with a high molecular weight tail, or that the
estimate of the fraction of the larger molecular weight component is too high. Estimates of the
polydispersity (MJ/Mn) of each of the fractions are about 1.05, thus ruling out the first possibil-
ity. The mole fraction of each component can be determined by dividing the sum of the fI MI )'s
for each component by the sum of the f(Mi Ys for the entire distribution. Using this approach.
the mole fraction of the lower molecular weight component is 81% for the BI4M sample. anid
82% for the B1850K sample. Converting the original weight fractions of each component (see
Table 1) to mole fractions, the lower molecular weight components should be 94"; and %)"'(.
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respect I eIv -11e :Iu.e ot I, skeý In[ ot thi 'I I' I bI twI I Io' Iii t hic he 'In10 l A j I
components is probably ,.aued h\ the uiicient hiav, ,t light anc• i m , r'.l .ii th iei ,
lecular weight species

4. Conclusions

The static ligzht scattering experunents were stranghtforv ard, Und a•e Ica.,oljih onvvI-ln vk 1t0
literature vales. Differences in the refracive index increment..urd the k,.i'. !,0. 01 !h I. lc
calibration liquid u.ed 1n the data analvst 1 could acCit, toi the h $IttCCIlc',- fil!',c

often not published •%ith the light scattering data.

Due to the large variability in the published DLS data tor toluene solutions ot po I\, rncri. I- I,
clear that the technique of DLS for even a suiple analysis of diffusion coemfficients i,, not a Ia-
ture field, and experimental data do not always correlate with theoretical predictions The rca.
son for the large discrepancy in published data is probably due to the fact that the dvnailic luph,.
scattering experiment ia not easy from an experimental point of vie\\, or trom tile data mterprc
tation side.

For example, the selection of the delay time iA, to be used when ctllecti~m data ,,to "by
autocorrelation function affects the shape of the correlation function, and thus, the numei,cl th1.1
are derived from the data analysis. For systems with large polydispersity. the use of multiple
sample times is recommended to incorporate all possible relaxations. particulari\ when thc
number of hardware channels (N) is limited. tMultiple sample times were used for the anajys•s
of sample BI4M.) If multiple sample times are used, and too large a range of ýNample times P,
incomorated, information on the larger particles can be lost, whereas if the rane of sample
times is too short, the information on the smaller particles is sacrificed- Another experimental
parameter that affects the results of a DELS experiment is the number of samples used to obtain
the correlation function, i ec. the length of time that data is collected. For ,,stem. with hqgh
scattering power, the experiment does not have to be run as long to accumulate the sule nuni-
her of samples as from an experinient in which the ,cattering is not as great Ohv1,iou . tlhe
more samples that are accumulated in a given experiment, the smoother the correlation functwn
will be, and the more precise the data generated from that experiment will be. hoxveser a practi-
cal time limit for the data collection must be set- Sometimes a shorter experiment duration P-
desirable- for instance, the longer the experiment is run, the greater the chance that a ,pur[ou,,
dust particle will diffuse into the scattering center. oi- that the en- ironmental conditions (te -
perature. humidity, laser intensity, etc.) will change.

Section 1.3.1 briefly describes some data analysis routines which are commonl\ in u,,e for ana-
lyzing correlation functions. Many other methods have been used, and are currently under de-
velopment - in fact, much of the current DLS literature is devoted to developing new mathe-
matical treatments of this data, and of assesstlg the accuracy of current methods Thus. the
analysis of DLS data is still an area of active research.
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In conclusion. DLS is Well suited to measute the dnaunic propvri!'> o0t .i iidilpr',c .o-

mer solution, such as translational diffusion, and hydrodynamilc radii 'A hich " hen coupled lit!
information from static light scattering, provides a complete dilute solutio anaiv ss, of a pol -

mer in a given solvent. Indeed, several researchers 0 2 are developing combined ,,ttwi and d%
namic light scattering spectrometers so that the static and dynamic palauneters may be obtained
from the same experiment.

Conversion of an experimentally determined lImewidth distribution to a distribution of molecu-
lar weights is possible if the parameters kD. kTk, '. b and h' are known or can be estimated.
and accurate values of MI and R are available from static ligyht scatterimi measurcmeciti' -,
ing DLS to extract information ohf the polvdispersity of a polymer .munple should te limited to
determination of a mean value, and possibly one or two moments about that mean. due to the
inherent difficulty of extracting a unique linewidth distribution from an experimental correla-
tion function. Unimodal distributions can be distinguished from binodal distributions if the
two species are at least a decade apart (more closely spaced distributions may be distinguish-
able under certain conditions), but extraction of detailed information about the individual frac-
tions is probably unreliable.
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